À1 at 5 mV s À1 was observed for the flake-like structure, which is higher compared to that of the wire-like structure. The flake-like MnO 2 nanostructure exhibited an excellent long-term stability, retaining 81% of initial capacitance even after 4000 cycles, whereas for the wire-like MnO 2 nanostructure, capacitance decreased and the retention value was only 70% over 4000 cycles. In the future, the present approach can be extended for the formation of other oxide-based materials using DNA as a promising scaffold for different applications such as homogeneous and heterogeneous organic catalysis reactions, Li-ion battery materials or for the fabrication of other high performance energy storage devices.
Introduction
Over the last three decades, nanomaterials research has received increasing application in different interdisciplinary fields, such as catalysis, 1 bio-medicine, 2 nanoelectronics, 3 sensing 4 and energyrelated fields. 5 This is because of their unique size-dependent properties, which are often thought of as a separate and intermediate state of matter lying between individual atom and bulk materials. Nanoparticles (NPs) are being investigated intensively, as they exhibit advantages due to their in size dependent catalytic, electronic and optical properties. Among different morphologies, one-dimensional (1-D) nanoscale building blocks, such as nanotubes, nanowires and nanorods, have attracted intensive interest because of their fundamental research and potential for wide-ranging applications. In general, two different routes are employed to access these ordered nanostructures: one is using a suitable template precursor, and the other is controlling selected parameters to organize the components into multidimensional morphologies.
Among the different oxide-based nanomaterials, manganese dioxide is one of the most attractive inorganic materials because of its physical and chemical properties and wide application in catalysis, molecular adsorption, biosensors, and particularly, in energy storage devices. [6] [7] [8] [9] MnO 2 exists in different polymorphic forms denoted a, b, g and d, which differ according to various interconnection manner of the basic [MnO 6 ] octahedral units. 10, 11 The performance of MnO 2 nanomaterials is strongly dependent on their morphology and crystallographic structures. Therefore, the formation of 1-D MnO 2 nanomaterials utilizing an easy solution based on a wet-chemical route is extremely desired. The successful conjugation of nanomaterials with bio-molecules yields ordered nanoarchitectures where bio-molecules can be employed as a 'template' for a number of nanoscale materials. Among the different types of bio-molecules, deoxyribonucleic acid (DNA) has been used as an inexpensive, well-characterized, a Electrochemical Materials Science (ECMS) Division, CSIR-Central Electrochemical controllable and easily adaptable material with physical and chemical properties that can be explored to build inorganic nanostructures. 12, 13 DNA has unique molecular recognition and self-assembly capabilities because of its complementary base pairs. The properties of DNA have been exploited by a growing number of researchers [14] [15] [16] to build advanced materials for energy storage, energy conversion devices, electronic circuits or even medical devices. Single-stranded DNA has been used for the fabrication of single-walled C-nanotubes (CNTs) by forming p-stacking between the DNA base pair and the carbon ring of CNTs. 17 Apart from these, different types of metals, oxides or even semi-conductor nanowires like Au, 18 Ag, 19 Pd, 20 Pt, 21 Fe 2 O 3 22 and CdS 3, 23 are organized on DNA templates. Thus, considering all these properties of DNA, which are derived from its base pairs and the abundant functional phosphate group on its hydrophilic phosphate-sugar backbone, further explorations of using DNA in the synthesis and assembly of advanced nanostructures is extremely desired and expected. Different types of wet-chemical routes have been employed for the formation of MnO 2 nanomaterials including hydrothermal, 24 microemulsion, 25 sol-gel, 26 co-precipitation 27 and microwave heating 28 routes. Zheng et al. synthesized sea urchinlike MnO 2 nanomaterials using a hydrothermal process. 24 Pal et al. synthesized spherical and rod-shaped MnO 2 nanomaterials using wet-chemical techniques. 29 There are several other reports where MnO 2 was combined with other materials such as CNT and polymers and used in energy-related applications. 30, 31 Very recently, Ji et al. synthesized MnO 2 nanofibers by electrospinning routes for energy-related applications. 32 The transition metal oxides having variable oxidation states are considered as promising materials for supercapacitor electrodes and show excellent pseudo-capacitor behaviour. Among the various transition metal oxides, MnO 2 is one of the most studied active materials for pseudo-capacitors because of its low cost, high positive electrode potential and relatively low molecular weight. 33, 34 However, the poor stability presented after just a few charge-discharge cycles is a crucial limitation for practical application of MnO 2 . Moreover, the electrochemical and catalysis properties of MnO 2 are strongly dependent on its dimensions, morphology and crystalline structure. Most of the reports described above for the synthesis of MnO 2 nanomaterials need either high temperature, long processing time, or utilization of surfactant; otherwise, the process produces mixture of multishaped particles. Therefore, the development of facile, mild, room temperature (RT) and cost-effective routes for creating novel morphologies is a key scientific challenge.
In this report, we present for the first time the synthesis of different morphologies of the b-MnO 2 nanomaterials at room temperature (RT) using DNA as a scaffold. The b-MnO 2 nanomaterials having band gap energy B3.54 eV are synthesized by the reaction of MnCl 2 with NaOH in presence of DNA under continuous stirring for B2 hours. Different morphologies of the b-MnO 2 nanomaterials, such as flake-like and wire-like nanomaterials, can be synthesized simply by controlling the DNA to Mn(II) salt molar ratio and by controlling other reaction parameters. The synthesized b-MnO 2 nanomaterials exhibit as an excellent material in organic catalysis reactions for the spontaneous polymerization of aniline hydrochloride to emeraldine salt (polyaniline) at room temperature that can act as a suitable electrode material in electrochemical supercapacitor applications. From the electrochemical supercapacitor experiments, it was found that the b-MnO 2 nanomaterials on DNA shows different specific capacitance (C s ) values for the flake-like and wire-like morphology and the order of C s values are as follows: flake-like 4 wire-like. The C s of 112 F g À1 at 5 mV s À1 was observed for b-MnO 2 with a flake-like structure.
The proposed synthesis route is simple, less time-consuming than others, and cost effective.
Experimental section
Reagents and instruments Double-stranded herring testes DNA with an average molecular weight B50 kbps (base pairs) was purchased from Sigma-Aldrich. The manganese(II) chloride (MnCl 2 Á4H 2 O) and sodium hydroxide (NaOH) were also purchased from Sigma-Aldrich and used as received. Aniline hydrochloride was purchased from Alfa Aser, India. Sodium sulfate (Na 2 SO 4 ), carbon black, 1-methyl-2-pyrrolidinone (NMP) and polyvinylidene fluoride (PVDF) were obtained from Alfa Aesar. Absolute ethyl alcohol (CH 3 CH 2 OH) was obtained from ChangshuYangyuan Chemical, China. De-ionized (DI) water was used for the entire synthesis and application purposes. The synthesized DNA-encapsulated b-MnO 2 nanomaterials were characterized using several spectroscopic techniques, such as UV-Visible (UV-Vis) absorption spectra, transmission electron microscopy (TEM) analysis, field emission scanning electron microscopy (FE-SEM) analysis, energy dispersive X-ray spectroscopy (EDS) analysis, X-ray diffraction (XRD) analysis, LASER Raman measurements, X-ray photoelectron spectroscopic (XPS) analysis, Fourier transform infrared (FT-IR) spectroscopy analysis and a 1 H NMR study. The detailed specifications of these instruments are given in the ESI. † Room temperature formation of b-MnO 2 nanomaterials on DNA scaffold A stock DNA solution (0.06 gm/50 mL) was prepared by dissolving measured amounts of highly pure herring testes DNA with DNA se -and RNA se -free DI water. After weighing, the DNA was mixed with DI water and stirred overnight using a magnetic stirrer to yield a homogeneous solution. In a typical synthesis, 20 mL of DNA solution was mixed with 2.5 mL of 0.02 M aqueous MnCl 2 solution and stirred well for 10-15 minutes. A light white or opaque color appeared after 10-15 minutes of stirring. Then, 2.5 mL of 0.1 M aqueous NaOH solution was added slowly while stirring. The color of the solution changed to pale brown initially after addition of NaOH, but it became dark brown after completion of the reaction. The total reaction time took B2 hours. The solution exclusively contained b-MnO 2 with a flake-like structure. Another morphology of the b-MnO 2 nanomaterials was prepared by changing the concentration ratio of DNA to Mn(II) salt and changing other reaction parameters.
The overall experiment was done at room temperature B28 1C and the total reaction time was B2 hour. The step-wise formation of DNA-MnO 2 nanomaterials is shown in Scheme 1 and the final concentration of different reagents, reaction time, size and shape of the particles are summarized in Table 1 . The synthesized DNA-encapsulated b-MnO 2 nanomaterials were characterized using UV-Vis, TEM, EDS, XRD, Raman, XPS and FTIR analysis; the details of the sample preparation procedure for various characterizations are given in ESI. † Electrode fabrication for electrochemical supercapacitor study Electrochemical measurements were carried out using a conventional three-electrode system. The synthesized DNA-MnO 2 samples, platinum and Ag/AgCl were used as the working, counter and reference electrodes, respectively. The working electrode was prepared by mixing 80 wt% of the prepared samples, 10 wt% of carbon black and 10 wt% of polyvinylidene fluoride (PVDF). These materials were dispersed in 1-methyl-2-pyrrolidinone (NMP), and the resultant slurry was coated on the nickel foam current collector. After that, the electrode was dried at 90 1C for 24 h to evaporate the solvent. The entire test was done in 1 M Na 2 SO 4 aqueous solution at ambient temperature. ), respectively. The specific capacitance of the electrodes was calculated from the CV curves using the following equation:
where Ð iDV is the integral area of the CV curves; v is the scan rate; m is the mass of the active material; and DV is the operating voltage window.
The specific capacitance of the electrodes was also calculated from the GCD method using the following equation:
where I is the constant discharge current; Dt is the discharge time; m is the mass of the electroactive material; and DV is the potential window. 
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Results and discussion
UV-Vis spectroscopic analysis
Fig . 1A shows the room temperature UV-Vis absorption spectra of the different solution mixtures for the formation of DNAencapsulated b-MnO 2 nanomaterials. Curve a, Fig. 1A shows the absorption band of DNA-only solution, which has a l max at 258 nm due to the presence of an aromatic base molecules on its structure. Curve b, Fig. 1A shows the absorption band of aqueous MnCl 2 solution that has two bands; one is less intense at lower wavelength regions at B223 nm and other is more intense at B296 nm. These bands are due to ligand-to-metal charge transfer (LMCT) spectra. Similar types of LMCT bands were observed for the Au salt. 36 Curve c shows the absorption bands of the mixture of DNA, MnCl 2 and NaOH (just after mixing), which shows a band at 260 nm (due to DNA) and a new broad band in the range 300 to 380 nm due to interaction of Mn(II) ions with DNA or reaction of the Mn(II) salt with NaOH. The original DNA peak has been shifted a few nm, indicating its interaction with the metal salt. Curves d and e show the absorption band due to the evolution of MnO 2 NPs on DNA with flake-like and wire-like morphologies, respectively. Both the spectra show similar types of spectral features, although the parent DNA peak position has been shifted. Fig. 1B shows the enlarged absorption band of the DNA-MnO 2 nanomaterials, which have been shown in curves d and e in Fig. 1A . From the curves a and b in Fig. 1B , it is observed that the DNA peak appears at 250 nm and 254 nm for the flake-like and wire-like morphologies, respectively. In all the cases, the parent DNA peak is shifted B5 to 10 nm due to its attachment with MnO 2 particles. The absorption band observed for MnO 2 is in agreement with a previous report. 37 The excitonic transition of MnO 2 nanomaterials was also determined; the theoretical expression for the determination of band gap of semi-conductor materials is given elsewhere. 38 The well-known Tauc approach was used to determine the band gap (E g ) and the plot of (aE p ) 2 versus (E p )
based on direct transition; the corresponding extrapolated value of E p at a = 0 gives the absorption edge energy that is the corresponding band gap of MnO 2 nanomaterials. The inset of Fig. 1B shows the plot of (aE p ) 2 versus (E p ); the observed band gap for b-MnO 2 nanomaterials is 3.54 eV. In both the morphologies, we have observed almost similar band gap energy and a blue shift in the absorption edge of the MnO 2 nanomaterials compared to bulk MnO 2 is because of the presence of smaller size MnO 2 particles; this is in agreement with the quantum confinement effect. Energy Dispersive X-ray Spectroscopy (EDS) and X-ray Diffraction (XRD) analysis The EDS spectrum consists of different peaks for C, N, O, Mn, Na, Si and P. The Na peak is either from the DNA or from the NaOH solution used in our synthesis. The Si peak is from the glass substrate used to deposit the MnO 2 nanomaterials for EDS analysis. The N and P peaks are from the DNA molecule. The Mn peak is from the MnO 2 nanomaterial, and the O peak is either from MnO 2 , DNA or from NaOH. The EDS analysis confirms that the MnO 2 nanomaterials are formed and stabilized by the DNA molecule. Fig. 3 shows the XRD pattern of the DNA-MnO 2 nanomaterials having flake-like morphology. Here we obtained the XRD pattern for only the flake-like shape, although the wire-like morphology was also examined (not shown here). XRD analysis was used to examine the phase and purity of the product. X-ray Photoelectron Spectroscopic (XPS) studies 29, 33 The band at 531.3 eV is attributed to the O 1s binding energy, as shown in Fig. 4C . The band at 399.7 eV is attributed to the N 1s binding energy, which is from the DNA molecule only, as seen in Fig. 4D . This indicates that the Mn is the Mn(IV) state in the entire product.
Transmission Electron Microscopy (TEM) analysis

LASER Raman and Thermal Analysis (TGA-DTA) studies
The LASER Raman spectra of the b-MnO 2 nanomaterials are shown in Fig. S3 in the ESI. † As an example, we show the Raman spectrum of the flake-like structure, although the spectrum for wire-like morphology was also recorded. The Raman spectrum of b-MnO 2 nanomaterial show one sharp peak at 645 cm À1 and another low intensity peak at 350 cm À1 . The high intensity
Raman peak corresponds to the stretching mode of MnO 6 octahedra, and the low intensity peaks at the lower wavenumber region are attributed to the deformation modes of the metaloxygen chain of Mn-O-Mn in MnO 2 octahedra lattice. A similar type of LASER Raman spectrum has been previously reported for b-MnO 2 nanomaterials. 29 It is important to note that a very low LASER power is required to get the desired spectra, as the synthesized DNA-MnO 2 material is very prone to degradation due to LASER aggression. The approximate mass loading of MnO 2 on the DNA-b-MnO 2 nanomaterials was measured by thermogravimetric analysis (TGA) and differential thermal analysis (DTA) studies. The as-prepared DNA-b-MnO 2 nanomaterials are heated from RT to 1000 1C with an increment of 10 1C min À1 in air. Fig. 5A and B show the TGA and DTA curve of the DNAb-MnO 2 nanomaterials, respectively. A continuous weight loss due to the dehydration of the adsorbed and lattice water is observed from the samples, and an endothermic peak was observed near 100 1C because of loss of water, which was physically adsorbed. The other weight loss takes place above 120 1C to below 360 1C; it is because of the removal of the excess DNA molecule attached with, or present in, the nanomaterial samples. Above 400 1C to 1000 1C, the weight loss can be attributed to the slow decomposition of MnO 2 at high temperatures. Thus, the actual loading of MnO 2 based on the TGA profiles at 246 1C is 88%, 456 1C is 74%, 730 1C is 65% and at the end of the process it is 63.43%. From curve A, we observe that the analysis was started with 3.89 mg of sample, and after complete heating up to 1000 1C, the sample remained was 2.46 mg. Thus, the percentage weight loss for our analysis up to 1000 1C is 36.76%. From the DTA curve at Fig. 5B , the two sharp exothermic peaks appear at 234 1C and 330 1C might be due to a change in crystallinity or possibly due to a phase change in the material.
Fourier transforms infrared (FT-IR) spectroscopic analysis
Fig . 6 shows the combined FT-IR spectra of the DNA itself and DNA bounded nanomaterials at a wavenumber scale of 4000 to 400 cm À1 . In Fig. 5 , curve A denotes the FTIR spectrum of DNA only and curve B denotes the FTIR spectrum of DNA-bounded MnO 2 particles. As an example, we examined here the FTIR spectrum of flake-like MnO 2 particles, the other shape also give a similar type of spectral pattern. FTIR spectroscopy is well known for its high sensitivity for detecting both inorganic and organic species at trace levels. The comparison of spectrum A and spectrum B in Fig. 6 Reaction mechanisms for the formation b-MnO 2 nanomaterials on the DNA scaffold Shape-selective b-MnO 2 nanomaterials were synthesized by reaction of MnCl 2 with NaOH in presence of DNA with continuous stirring for about 2 hours at RT. The shapes of the different MnO 2 particles formed are given in Table 1 . In our reaction, the presence of both DNA and NaOH were extremely important for the formation of differently shaped MnO 2 particles. When we carried out the reaction with Mn(II) salt and NaOH only, View Article Online the particles were formed and precipitated after their formation because of the absence of any stabilizing agent. In the absence of NaOH, but the presence of Mn(II) salt and DNA, no MnO 2 particles were formed during the experimental time scale. Thus, the presence of all the reagents in proper concentration is extremely important for the generation of specifically shaped b-MnO 2 nanomaterials in our prescribed procedure. In the reaction, initially after the addition of Mn(II) salt with DNA, a slight color change observed (clear solution to opaque) was due to the interaction of positively charged Mn(II) ions with the negatively charged phosphate functional group of the DNA molecule. We believed that the Mn 2+ ions were adsorbed on the phosphate group of the DNA, which was further confirmed by the shifting of UV-Vis absorption band for the mixed solution compared with pure DNA, as seen in Fig. 1 . After the addition of NaOH during stirring, the solution was initially pale white brown in colour, which turned into dark brown indicating the completion of the reaction. The pale white brown colour was because of the formation of Mn(OH) 2 and the dark brown colour at the end of the process was because of the MnO 2 particles. The most probable mechanism of our reaction is given below:
Thus, during the course of the reaction the MnO 2 nuclei were formed and grew onto the DNA already present in the solution; that generated the different morphology. From the FTIR analysis, we observed that mainly the phosphate group and the deoxyribose parts of the DNA were bounded with MnO 2 and control their specific growth. As discussed earlier, the Mn 2+ ions were electrostatically bound with the negatively charged phosphate backbone of DNA and generated a Mn 2+ -DNA complex, which then reacted with the NaOH and initially generated the Mn(OH) 2 . It was then oxidized in presence of atmospheric oxygen to MnO 2 particles. Thus the MnO 2 nuclei initially formed grew onto the DNA and generated the different morphology. It was observed that when the DNA concentration was lower, the MnO 2 particles grew uniformly into a helical DNA structure and generated the wire-like morphology, as seen in the TEM image in Fig. 2 . When the DNA concentration was higher, the MnO 2 particles were found to be aggregated or agglomerated to form the flake-like structure, also seen in the TEM image in Fig. 2 . Therefore, we believed that the DNA molecules bound at the surface of the MnO 2 particles and stabilized them. It is known that functional groups, such as the phosphate group, preferably bind to the metal and metal oxide surfaces. Zhu et al. previously reported that DNA with P = O and C-O-P groups could effectively bind to the surface of the TiO 2 nanomaterials via chemical adsorption. 42 It is important to note that the synthesized particles are stable for more than six months, while stored in a refrigerator in a sealed container. However, it is important to say that at this point we were not fully aware of the detailed mechanism for their specific formation of different shapes and the binding with specific functional group. Further study is necessary to confirm the clear mechanism of the formation of different morphologies. The synthesized b-MnO 2 nanomaterials were successfully utilized for two different applications: one is the organic catalytic reaction for the spontaneous polymerization of aniline hydrochloride to emeraldine salt (polyaniline); and other is the electrochemical supercapacitor study, as will be discussed below.
Catalytic application of DNA-encapsulated b-MnO 2 nanomaterials for the polymerization of aniline hydrochloride to emeraldine salt (polyaniline)
Polyaniline (PANI) is one of the most studied conductive polymers because of its high electronic conductivity, redox and ion-exchange properties, excellent environmental stability and the ease of preparation from common chemicals. PANI has good potential for application because the mechanism of aniline oxidation has been studied for more than three decades. PANI is obtained in three different forms: the protonated emeraldine salt (green colour); the leucoemeraldine (white or colorless); and the pernigraniline (blue or violet). The different colors, charges and conformations with multiple oxidation states make PANI a potential material for various applications such as actuators, supercapacitors, corrosion inhibitors and electrochromics. Among the three forms of PANI, the emeraldine salt is a highly conductive organic polymer that is useful in many industrial applications such as supercapacitors, sensors and molecular electronics. The PANI synthesis includes two interrelated processes. In the course of polymerization, the monomer undergoes a chain reaction with the formation of regular macromolecules, and the growing chains are simultaneously organized into complex supramolecular structures. As a result, conductive polymers containing stable supramolecular structures with various morphologies are formed. Most of these structures cannot be dissolved or melted without the destruction of the polymer chains and changing the properties of the polymer. Thus, the synthesis of any of the forms of PANI is not an easy task and requires a longer time and harsh reduction conditions. For these reasons, it is generally important to develop an easy process to prepare the emeraldine salt at room temperature. Stejskal et al. prepared the emeraldine salt using ammonium peroxidisulfate as oxidizing agent. 43 Taleghani et al. prepared emeraldine salt using KIO 3 as oxidizing agent at room temperature under stirring for about 5 hours. 44 Byoung-Jinkin et al.
prepared the emeraldine salt using a polymer initiator around 200 1C for 12 hours. 45 All these processes demand higher reaction temperatures and longer times to get the desired product. In the past few years, it was observed that metal and metal oxide NPs can act as catalysts for different types of organic and inorganic chemical reactions, and that the catalysis reaction rate becomes faster compared with conventional chemical reactions. Among the different metal oxides, MnO 2 shows great potential as an alternative material because it is cheap, abundant and environmentally friendly. Moreover, b-MnO 2 is found to be useful in many organic catalytic reactions such as selective oxidation of allylic and benzylic hydroxyl groups to other carbonyl compounds, C-C coupling reaction of b-naphthol into 2,2 0 binol, one-pot conversion of alcohols into imines directly in presence of suitable amine, and one-pot conversion of alcohols directly into esters. But in most the cases, bulk MnO 2 was used, and the reaction rate was slower and required a higher reaction temperature. In the present study, we checked the potential of our synthesized b-MnO 2 particles for use as a catalyst for the polymerization of aniline hydrochloride to an emeraldine salt at room temperature. It is important to note that it is the first report where DNA encapsulated b-MnO 2 has been used as a catalyst for the polymerization reaction described above. The probable chemical reaction that took place is shown below:
For the catalysis reaction, 0.1 (M) aniline hydrochloride solutions was mixed with a solution of DNA-encapsulated b-MnO 2 nanomaterial at a very low concentration (0.00273 M) and stirred continuously. Instantly, a bluish color solution appeared and turned into a green colored precipitate that indicated the formation of the PANI -'emeraldine salt', one of the known forms of PANI. Actually, we observed the change in the color of the reaction mixture from colorless to green within a minute when the MnO 2 NPs solution was added, even though the stirring was continued for 5 more minutes no significant color change was observed. Then, the whole solution mixture was centrifuged, and the solid mass was separated. We did several control experiments to check the potential of b-MnO 2 nanomaterials as catalysts and examined the reaction without b-MnO 2 nanomaterials, but only with DNA solution and NaOH solution separately for the same reaction. There was neither color change nor any indication of the emeraldine salt formation within our experimental time scale, which confirmed the necessity of b-MnO 2 nanomaterials as catalysts. Moreover, we have examined the catalysis reaction with b-MnO 2 nanomaterials (spherical shape) 29 synthesized in sodium dodecyl benzene sulfonate (SDBS) micellar media and observed that the catalysis reaction was slower as compared to our catalyst. The better catalytic activity of DNA-capped b-MnO 2 is probably because of the faster electron transfer due to the particles' specific morphology (wire or flake-like shapes) in the presence of DNA. The reaction product was separated via centrifugation, washed with ethanol and water and finally dried for different characterizations and for application purposes. The formation of the product was confirmed from the UV-Vis, LASER Raman, FTIR and 1 H NMR studies. Fig. 7A shows the combined UV-Vis absorption spectra of the starting material and the product. Curve a shows the absorption band for aniline hydrochloride and curve b shows the absorption band of emeraldine salt. Aniline hydrochloride showed a peak at 247 nm due to an n-p* transition and also showed a high intense peak at lower wavelength side at B200 nm due to p-p* transitions. After mixing with b-MnO 2 nanomaterials, the reaction generated the emeraldine salt, which shown in curve b in the UV-Vis spectra.
In curve b, all the spectra that were present for aniline hydrochloride are present and in addition three new peaks appeared one at 279 nm, and two broad peaks near 400 and 720 nm. These bands appeared because of the formation of the reaction product emeraldine salt in the reaction medium. It is given in literature that the bands appearing at 300-350 nm show a p-p* transitions of benzenoid rings; the band at 400-450 nm shows polar n-p* transitions and the band at 500-750 nm shows p-p* transitions of quinone-imine groups. All these absorption bands observed in UV-Vis spectra belong to the characteristic emeraldine salt form of PANI. 46, 47 The inset of UV-Vis spectra shows the camera image of aniline hydrochloride (colorless) and emeraldine salt (green color). Fig. 7B shows the LASER Raman spectra of the emeraldine salt. The Raman peaks are observed at 1170, 1260, 1348, 1497, 1593 and 1760 cm À1 . The
Raman peak at 1170 cm À1 is attributed to C-H bending of the quinoid ring, and the peak at 1260 cm À1 is attributed to the C-H bending of the benzoid ring. The peak at 1348 cm À1 is attributed to the C-N stretching of the radical cation, and the peak at 1497 cm À1 is the CQN stretching of the quinoid ring of the emeraldine salt. All these peaks nicely match with the reported Raman spectra of the emeraldine salt. 48 Fig . 7C shows the FTIR spectra of the emeraldine salt. The spectra were compared with the starting material aniline hydrochloride (not shown here). All the expected peaks appeared for emeraldine salt. The peak at 3432 cm À1 corresponds to N-H stretching, and the peak at 1295 cm À1 corresponds to C-N stretching.
The peak at 804 cm À1 corresponds to the out-of-plane N-H bending, and the peak at 2592 cm À1 corresponds to the QC-H stretching of the aromatic ring. The band at 1104 cm À1 is attributed to the in-plane bending vibration due to the C-H group that was formed during protonation. The peaks at 900-400 cm
À1
correspond to the fingerprint region of the aromatic compounds. The peaks at 1568 cm À1 and 1489 cm À1 are characteristic of the quinoid of the emeraldine salt, and the peak at 1243 cm
corresponds to aromatic conjugation of the quinoid ring of the emeraldine salt, which is the characteristic of the conducting emeraldine salt. 49, 50 Thus, the FTIR analysis clearly shows the formation of an emeraldine salt. The formation of the product was further confirmed by 1 H NMR spectroscopy studies, as shown in Fig. 7D. From Fig. 7D , a broad peak at a d value 3.72-3.37 is due to the N-H proton in the emeraldine salt, and the peaks at 6.74, 7.12 and 7.27 are due to the protons attached to aromatic ring in the emeraldine salt. Thus, from the 1 H NMR study, we can conclude that there are two different chemically non-equivalent protons available: one from the quinoid and the other from benzenoid-like structures in the emeraldine salt. 49, 50 Finally, after centrifugation, the product (PANI) from the reaction mixture was separated and dried. We calculated the yield of the product from the calculated weight and observed weight, which was B82.5%. All the above analyses confirmed the successful polymerization of the aniline hydrochloride to the emeraldine salt using b-MnO 2 as catalyst. Finally, we examined the recyclability of the catalyst and found that the same catalyst can be reused 4-6 times without reduction of any catalytic activity, although the catalytic rate slowed after 6-8 cycles because of the significant leaching of the catalyst.
Electrochemical supercapacitor applications of the b-MnO 2 nanomaterials on DNA scaffold
The electrochemical performance of the as-prepared electrode materials were evaluated by cyclic voltammetry (CV) and galvanostatic charge-discharge techniques. Fig. 8a shows the CV curves of the wire-like and flake-like MnO 2 electrodes at a scan rate of 5 mV s À1 in 1 M Na 2 SO 4 electrolyte solution. Both the curves 
where C + (H + , Li + , Na + and K + ) denotes the protons and alkali metal cations in the electrolyte. Further, it could be observed from the CV curve that the integrated area of the flake-like electrode is larger than that of the wire-like MnO 2 electrode, indicating the higher specific capacitance. Fig. 8b and c illustrates CV curves of the wire-like and flake-like MnO 2 electrodes at various scan rates from 5 mV s À1 to 125 mV s À1 . All the curves exhibit almost the same shape even at higher scan rates, indicating the better electrochemical activity of the electrodes.
With the increasing scan rates, the current response also increased. Fig. 8d shows the specific capacitance variation of the wire-like and flake-like MnO 2 electrodes at different scan rates. . This may be due to the discrepant insertion/ extraction behaviors of the Na + ion from the electrolyte to the electrode surface at higher scan rates. At lower scan rates, the diffusion of the ions from the electrolyte can access almost all the available pores of the electrode surface, resulting in a higher specific capacitance. With increasing scan rates, the effective interaction between the ions and the electrode was reduced, which resulted a significant reduction in capacitance values. 52, 53 In our present work, the flake-like b-MnO 2 electrode delivered a maximum capacitance of 112 F g À1 and for the wirelike b-MnO 2 is 50 F g À1 at 5 mV s À1 . The observed capacitance is higher than the previously reported b-MnO 2 , which is 9 F g À1 and 57.7 F g À1 in the two different reports. 54, 55 The length and diameter of the nano-flakes and nanowires are B275 AE 25 nm and B25 AE 5 nm; B1.9 AE 0.2 mm and B35 AE 5 nm. The flakelike structure showed higher capacitance compared to the wirelike structure, which is because of the small length and diameter of the nano-flakes; this provides a high surface area and short diffusion path lengths, finally facilitating the efficient electron/ion transport to enhance the specific capacitance. Further, the CV curves showed a pair of redox peaks at 0.4-0.6 V (versus Ag/AgCl), which correspond to the redox reaction between Mn(IV) and Mn(III), associated with the insertion/extraction of the Na + ions and indicating the pseudo-capacitance behavior.
According to many reported studies, no such peaks related to a redox reaction of different phases of the MnO 2 have been ever observed when the same Na 2 SO 4 is used as electrolyte. 56 The existence of the redox peaks suggests that the charge storage mechanism is mainly based of a redox reaction. b-MnO 2 provide only a surface faradic reaction (pseudocapacitance).
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Galvanostatic charge-discharge (GCD) measurements were performed to evaluate the supercapacitive performance of the MnO 2 nanostructure electrodes for practical application. Fig. 9a displays the GCD curves of the wire-like and flake-like MnO 2 electrodes at a current density of 0.1 mA cm À2 in 1 M Na 2 SO 4 solution. Both the curves exhibited the symmetric triangle shape. Unlike the linear characteristic of an ideal capacitor electrode, the small-sloped potential plateaus in the charge and discharge curves revealed the pseudocapacitive behavior of the MnO 2 . Fig. 9b and c displays the GCD curves of the wire-like and flake-like MnO 2 electrodes between 0 and 0.8 V at various current densities. The good symmetry behavior of the GCD curves demonstrates the good reversibility of the reaction for charge-discharge. Further, the calculated specific capacitance of the wire-like and flake-like MnO 2 electrodes from the GCD curves were 25 and 69 F g À1 at 0.1 mA cm
À2
, respectively. When the current density was increased to 1 mA cm
, the specific capacitance of the flake-like MnO 2 electrode maintained at 37 F g À1 .
The results indicate that the flake-like MnO 2 electrode displays good rate capability at a higher current density. The cycling stability of a supercapacitor is another key factor determining its long-term application. The cycling performances of the electrodes were measured by repeating CV measurements at 125 mV s À1 for 4000 cycles. Fig. 9d shows the capacitance retention curves of the wire-like and flake-like MnO 2 electrodes. The flake-like MnO 2 nanostructure exhibited excellent long-term stability, retaining 81% of the initial capacitance even after 4000 cycles. However, the capacitance retention of the wire-like MnO 2 nanostructure electrode decreased, and the retention value was only 70% over 4000 cycles. Electrochemical impedance spectroscopy (EIS) measurements were performed to further evaluate the electrochemical performance of the as-prepared MnO 2 electrodes. Nyquist plots of the wire-like and flake-like MnO 2 electrodes before and after a 4000 cycling test are shown in Fig. 9e and f. All the EIS spectra exhibited an approximate semi-circle in the high-frequency region and a straight line in the low-frequency region. A straight line inclined at an angle between 451 and 901 to the real axis at the low-frequency region indicates the Warburg impedance, which represents the diffusive behaviors of the electrolyte in electrode pores and ions in electro-active materials. 58 The semi-circle arc at the high frequency region was related to the charge transfer resistance (R ct ) between the electrode surface and electrolyte. The R ct values of the wire-like and flake-like MnO 2 electrodes before the cycle test were 20 and 17 O, respectively. After 4000 cycles, a slight increase in the R ct value was observed for both the electrodes (wire-like MnO 2 = 30 O and flake-like MnO 2 = 22 O), which may be because of the loss of adhesion between the electroactive material and the current collector. These results demonstrate that the MnO 2 electrodes possess better conductivity and are more suitable for charge transfer. , respectively. The long-term cyclic stability study reveals that the flake-like MnO 2 electrode shows excellent long-term stability and retains ca. 81% of the initial C s even after 4000 cycles. In the future, the present approach can be extended to the generation of other oxide-based materials using DNA as a promising scaffold; it can also be used in different applications such as homogeneous and heterogeneous organic catalysis reactions, Li-ion battery materials or for the fabrication of other high performance energy storage devices.
Conclusion
